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ABSTRACT Interleukin 2 (IL-2) cDNA clones have been
isolated from both human and murine sources. We report here
the isolation of a cDNA clone encoding bovine IL-2. This was
accomplished by screening a cDNA library constructed from
lectin-stimulated bovine lymph node cells, using a human IL-2
probe. Bovine IL-2 is composed of 155 amino acids and has a
predicted molecular weight of 19,555. Alignment of the amino
acid sequence with human IL-2 indicates that mature bovine
IL-2 is composed of 135 amino acids and has a predicted
molecular weight of 15,452. It has an amino acid homology of
65% with human IL-2 and 50% with murine IL-2. Bovine IL-2
is unique among IL-2 homologs in that it has a single N-linked
glycosylation site. Biologically active bovine IL-2 was synthe-
sized in an Escherichia coli expression system.

Interleukin 2 (IL-2) is a lymphokine that induces proliferation
of responsive T cells (1) and certain B cells (2, 3) via
receptor-specific binding in vitro. Considerable data also
suggest a similar function and mode of action of IL-2 on
IL-2-responsive cells in vivo (4-7). By using IL-2-dependent
murine T-cell clones, IL-2 from both humans and mice has
been biochemically characterized. Both were found to be
secreted as single polypeptides with molecular weights of
15,000-17,000 on NaDodSO4/PAGE (8). Size and charge
heterogeneity was found to be a function of variable degrees
of glycosylation, which had no effect on activity (8). More
recently, human and murine IL-2 have been cloned from
cDNA libraries and functional lymphokine has been ex-
pressed in recombinant vector systems (9-14). The human
cDNA encoded a polypeptide composed of 153 amino acids,
the first 20 of which served as a signal sequence and were
cleaved prior to secretion. The murine amino acid sequence
showed approximately 60% homology to the human se-
quence.

Recent attempts to characterize IL-2 from other animal
species, especially those ofeconomic importance such as cattle,
have been hampered by the fact that the activity of this
lymphokine is partially species restricted. Since bovine IL-2
was found to have no effect on the murine T cells used for
human and murine studies, bovine IL-2-responsive T-cell lines
were generated and utilized to characterize the bovine
lymphokine. As with the murine and human forms, IL-2 from
cattle was found to display size and charge heterogeneity (15).
This observation, the significant degree of homology between
the human and murine amino acid sequences, and the fact that
recombinant human IL-2 induces bovine T-cell proliferation,
led us to examine the possibility of utilizing a human cDNA
probe to isolate its homolog from a bovine cDNA library. Using
this technique, we isolated a full-length copy of bovine IL-2
cDNA, capable of directing the synthesis of functional
lymphokine in an Escherichia coli expression system.

MATERIALS AND METHODS

Construction and Analysis of a cDNA Library.
Polyadenylylated messenger RNA (mRNA) was isolated
from 100 ml of bovine lymph node cells (107 per ml)
stimulated for 17 hr with concanavalin A (Con A, 7.5 tg/ml).
Procedures forRNA purification and cDNA library construc-
tion have been described (16, 17). Small-scale plasmid DNA
preparations from pools representing approximately 2.5 x
103 transformants were digested with Pst I, electrophoresed
on 0.8% agarose gels, blotted onto nitrocellulose filters, and
hybridized with a 32P-labeled human IL-2 cDNA probe
corresponding to nucleotides 52-759 of the published se-
quence (9). Hybridizations were for 16 hr at 55°C in 6X
NaCl/Cit (lx NaCl/Cit = 0.15 M NaCl/0.015 M sodium
citrate, pH 7) containing 0.1% Sarkosyl, 5x Denhardt's
solution (lx = 0.02% polyvinylpyrrolidone/0.02% Ficoll/
0.02% bovine serum albumin), 0.5% Nonidet P-40, 100 ,g of
denatured salmon sperm DNA per ml, and probe at 106
cpm/ml. Filters were washed extensively in 6x NaCl/Cit at
room temperature and then washed for 1 hr at 42°C and for
1.5 hr at 55°C before autoradiography. Positive pools con-
taining the largest hybridizing cDNAs were subdivided, and
the process was repeated on pools of 500 transformants.
Positive pools were then used in colony filter hybridization
experiments to identify transformants that hybridized strong-
ly with the probe.
DNA from the cDNA clones was subcloned in M13mpl8

and mpl9 bacteriophage (18) and sequenced by the chain-
termination method (19, 20).

Expression and Analysis of Recombinant IL-2. An E. coli
expression vector was constructed by inserting a blunt-ended
(by T4 DNA polymerase) HgiAI/Pst I fragment (encoding
amino acids 22 to 135) from pBIL2-4 into pLNhumIL2 with
synthetic oligonucleotides to provide an E. coli ribosomal
binding site, a translational initiation site, and a codon for
amino acid 21 (Fig. 2). The nucleotide sequences used for the
ribosome binding site were based on sequences used to give
high level expression of human IL-2 in E. coli (21, 22). The
resulting recombinant plasmid, designated pLNBovIL2, was
used to transform E. coli strain RRI (American Type Culture
Collection no. 31343) containing plasmid pRK248cIts (Amer-
ican Type Culture Collection no. 33766), which has a gene
encoding a thermolabile repressor of the X phage PL promot-
er. pLNhumIL2 was constructed by inserting a DNA frag-
ment encoding human IL-2 into Hpa I-digested pPL-lambda
(Pharmacia) with a synthetic oligonucleotide (M.A.C., un-
published results). pPL-lambda contains the A PL promoter
on a pBR322-derived vector. During the construction of
pLNBovIL2, DNA coding for human IL-2 was deleted.
Expression of bovine IL-2 in E. coli and sample preparation
for IL-2 assay were conducted as previously described (17)
with the exception that cells were induced at an OD600 = 0.5

Abbreviations: IL-2, interleukin 2; bp, base pair(s).
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by a shift to 420C. Samples were lysed in NaDodSO4 buffer
and analyzed by gradient (10-20% acrylamide) NaDod-
S04/PAGE (23). Gels were stained with silver as previously
described (24).

Bovine IL-2 Assay. BT2, a bovine IL-2-responsive T-cell
line, was originally generated via an allogeneic mixed
leukocyte reaction, and it was shown to display alloantigen-
specific cytolysis several months after having been grown in
bovine, simian, or recombinant human IL-2 (25). Samples
were assayed for IL-2 activity by utilizing BT2 cells in a
microIL-2 assay (26).
RNA Analysis. Polyadenylylated mRNA was isolated from

Con A-stimulated and unstimulated lymph node cells as
described (16). Samples were then electrophoresed in 1.1%
agarose gels containing formaldehyde, transferred to nylon
membranes (Hybond-N, Amersham), and hybridized with a
32P-labeled RNA probe transcribed by SP6RNA polymerase.
We have foundRNA probes to have greater sensitivity in blot
hybridization analyses than nick-translated double-stranded
DNA probes. The [32P]RNA probe was synthesized from a
484-base-pair (bp) Rsa I/Dra I fragment (corresponding to
nucleotides 22-506 and isolated from pBIL2-4), which was
inserted into pGem-1 (Promega Biotec, Madison, WI). Hy-
bridization and washing of blots were as described (16).
Genomic DNA Analysis. Genomic DNA was isolated from

bovine peripheral blood leukocytesby standard techniques (27).
DNA (10 gg) was digested with various restriction
endonucleases and electrophoresed in 0.7% agarose gels,
blotted, and hybridized at high stringency to a 32P-labeled
bovine IL-2 probe (27). The 32P-labeled probe was made by
nick-translating the 506-bp Pst I/Dra I fragment (correspond-
ing to nucleotides 1-506, Fig. 1B) isolated from pBIL2-4.

[Pst I

A

B

I] HgiAI Xba I

RESULTS
Cloning and Sequence of Bovine IL-2 cDNA. Screening of a

bovine cDNA library with a 32P-labeled DNA fragment
encoding human IL-2 resulted in several positive clones. One
of these, pBIL2-4, was selected for further analysis. A partial
restriction endonuclease map and a complete DNA sequence
of the cDNA insert in pBIL2-4 are shown in Fig. 1. pBIL2-4
contains a cDNA insert of 775 bp, including a stretch of A
residues corresponding to the poly(A) tail of mRNA. These
A residues are preceded by the polyadenylylation/matura-
tion signal, AATAAA (28). The sequence also has an open
reading frame of 155 amino acids, starting with an initiator
Met codon at nucleotide 18 and ending with a termination
codon at nucleotide 485. This protein has a predicted molec-
ular weight of 19,555. Comparison of the amino acid se-
quence with that of human IL-2 (12, 29) indicates that the
amino-terminal residue of mature bovine IL-2 may be Ala-21.
The mature protein would be composed of 135 amino acids
and have a predicted molecular weight of 15,452. The 5' end
of the open reading frame encodes a region of 20 amino acids
with many characteristics expected of a signal peptide for
secreted proteins (30).

Expression of Recombinant Bovine IL-2. To determine
whether the cDNA in pBIL2-4 encoded a protein with IL-2
activity, we constructed a plasmid, pLNBovIL2, designed to
direct synthesis of mature bovine IL-2 under transcriptional
control of the X PL promoter (Fig. 2). Cells, transformed with
this plasmid or a control plasmid lacking the IL-2 insert, were
grown at 30°C before heat induction of the PL promoter by
shifting the cultures to 42°C. The proteins synthesized by
these cultures were analyzed by NaDodSO4/PAGE (Fig. 3).
A major new protein band (arrow), which is presumably

[Pst I]

100 bp I

5'--CCTCAACTCCTGCCACA

Met Tyr Lys Ile Gln Leu Leu Ser Cys Ile Ala Leu Thr Leu Ala Leu Val Ala Asn Gly
ATG TAC AAG ATA CAA CTC TTG TCT TGC ATT GCA CTA ACT CTT GCA CTC GIT GCA MC GGT

Ala Pro Thr Ser Ser Ser Thr Glv Asn Thr Met Lys Glu Val Lys Ser Leu Leu Leu Asp
GCA CCT ACT TCA AGC TCT ACG GGG MC ACA ATG AAM GAA GTG MG TCA ITG CTG CTG GAT

Leu Gln Leu Leu Leu Glu Lvs Val Lys Asn Pro Glu Asn Leu Lys Leu Ser Ara Met His
TTA CAG TTG CTT TTG GAG AAA GTT AAMT CCT GAG MC CTC MG CTC TCC AGG ATG CAT

Thr Phe Asp Phe Tyr Val Pro Lys Val Asn Ala Thr Glu Leu Lys His Leu Lys Cys Leu
ACA ITT GAC ITT TAC GTG CCC AAG GTT MC GCT ACA GAA TTG AAA CAT CTT MG TGT TTA

Leu Glu Glu Leu Lys Leu Leu Glu Glu Val Leu Asn Leu Ala Pro Ser Lys Asn Leu Asn
CTA GM GAA CTC AM CTT CTA GAG GAA GTG CTA MT TTA GCT CCA AGC AM MC CTG AAC

Pro Arg Glu Ile Lys Asp Ser Met Asp Asn lie Lys Arg Ile Val Leu Glu Leu Gln Gly
CCC AGA GAG ATC MG GAT TCA ATG GAC AAT ATC AAG AGA ATC GTT ITG GM CTA CAG GGA

Ser Glu Thr Ara Phe Thr Cys Glu Tyr Asp Asp Ala Thr Val Asn Ala Val Glu Phe Leu
TCT GAA ACA AGA TTC ACA TGT GAA TAT GAT GAT GCA ACA GTA AAC GCT GTA GMA TTT CTG

Asn Lys Trp Ile Thr Phe Cys Gln Ser Ile Tyr Ser Thr Met Thr End
MC AM TGG ATT ACC TIT TGT CAA AGC ATC TAC TCA ACA ATG ACT TGA TCACTMGTGCCTCT

ITGTAACTGTTAGTCTTAAGATGATAAMTATGGATCTTAAGAITCTITTGTMGCCCTACGGGCTTMAAAIATCAG
ITAAAMTATTATCCTGAAGTATTTATTTGTATATTGMAAIITAMTATATGTCTATGCAGGTCATTGACTAAAAIT
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FIG. 1. Restriction map and nucleotide sequence of bovine IL-2 cDNA. (A) Partial restriction map of the cDNA insert in pBIL2-4. Coding
sequences are boxed. The open box represents the proposed signal sequence, and the shaded box represents the coding region for mature protein.
The Pst I sites in brackets were generated by the cloning procedure. (B) Nucleotide sequence and predicted amino acid sequence of bovine IL-2.
The predicted amino terminus (Ala-21) of mature bovine IL-2 is marked with a star. The triangle represents a possible N-linked glycosylation
site, and the 3' polyadenylylation/maturation signal is underlined.

I
t %

F I

3224 Biochemistry: Cerretti et al.

I



Biochemistry: Cerretti et al.

XboI (StuI)

r ~
21

XbaoI Mel A/a bvI2 (PstI)
CTAGAGGATCCTAAGTAAGGAGGTTTAACCC ATG GCA boy IL)

TCCTAGGATTCATTCCTCCAAATTGGG TAC CGT
(HgiAI)

FIG. 2. Structure of the E. coli expression plasmid pLNBovIL2.
The plasmid contains sequences derived from pBR322 containing the
origin of replication (onr) and the ampicillin resistance gene (Ampr).
The hatched boxes represent regions containing the X PL promoter
used to direct transcription ofIL-2 and the transcriptional terminator
Tl1. The synthetic oligonucleotide containing a ribosome binding
site, an initiator Met codon, and a codon for Ala-21 is shown fused
to the coding region of bovine IL-2 '(solid box).

bovine IL-2, continued to accumulate up to 20 hr. An
apparent molecular weight of 15,250 for this protein is in good
agreement with the molecular weight of 15,452 deduced from
thre'DNA sequence. Densitometer scanning of silver-stained
gels of total E. coli protein from an induced culture (Fig. 3,
lane 4) indicates that bovine IL-2 represents approximately
10% of the cellular protein. Cultures that were induced for 20
hr (Fig. 3, lane 4) were' simultaneously assayed for IL-2
activity and found to produce 2.8 x 106 units of activity per
ml when assayed on BT2 cells. This corresponds to 24 Ag of
recombinant IL-2 per m} of E. coli culture estimated on the
basis of the specific activity (1.2 X 105 units,/g) of purified
recombinant bovine IL-2 produced in yeast (D. 'L. Urdal, V.
Price, R. Klinke, C. J. March, S.G., and P.E.B., unpublished
results). Control plasmids, lacking IL-2 sequences (Fig. 3,
lane 1), yielded no appreciable biological activity (< 0.1
unit/ml).

1 2 3 4

FIG. 3. Induction of bovine IL-2 synthesis in E. coli. Aliquots of
E. coli cultures were centrifuged and prepared forNaDodSO4/PAGE
at the times after induction listed below. Lanes: 1, RR1(pRK248cIts)
with a control plasmid containing PL lacking bovine IL-2 sequences,
20 hr; 2, RR1(pRK248cIts) (pLNBovIL2), 1.5 hr; 3, RR1-
(pRK248cIts) (pLNBovIL2), 4 hr; 4, RR1(pRK248cIts)
(pLNBovIL2), 20 hr. The positions of protein molecular weight
markers are indicated at the far left. Arrow indicates position of
recombinant bovine IL-2.
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FIG. 4. Autoradiograph of blots of RNA from lymph node cells
hybridized with IL-2 probe. Lanes: 1, 4 ug of polyadenylylated RNA
from unstimulated cells; 2, 4 ,ug of polyadenylylated RNA from
unstimulated cells cultured for 17 hr; 3, 4 ug of polyadenylylated
RNA from stimulated cells cultured for 17 hr with Con A. The
positions of 18S and 28S rRNA bands are indicated.

Analysis of mRNA. The expression of IL-2 mRNA was
studied by blot hybridization analysis ofmRNA isolated from
Con A-stimulated and unstimulated bovine lymph node cells,
using a bovine IL-2 probe (Fig. 4). A single RNA species of
approximately 1100 nucleotides was detected in lymph node
cells stimulated with Con A but not in unstimulated lymph
node cells. The size of bovine IL-2 mRNA is very similar to
the size of human and murine IL-2 mRNA (9-14).

Analysis of Genonic Sequences. To determine the number
of IL-2-related genes in bovine DNA, a 32P-labeled bovine
IL-2 probe was hybridized to Southern blots of genomic
DNA digested with three different restriction endonucleases.
Digestion with BamHI, EcoRI, or HindI11 resulted in one
(10.0 kbp), two (5.8, 5.0 kbp), or three (5.1, 3.3, 1.9 kbp)
bands, respectively (Fig. 5). These results indicate that the
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FIG. 5. Autoradiograph of hybridizations with IL-2 cDNA probe
to Southern blots of bovine genomic DNA. Genomic DNA (10 jig)
was digested with BamHI (lane 1), EcoRI (lane 2), or HindIll (lane
3), electrophoresed in a 0.7% agarose gel, blotted, and hybridized at
high stringency to nick-translated 32P-labeled IL-2 cDNA. The
molecular size markers (in kbp) are from HindIII-digested
bacteriophage X DNA.
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FIG. 6. Alignment of human (9), bovine, and murine (13) IL-2 amino acid sequences as deduced from their DNA sequences. Numbering,
starting at the initiator Met, is for bovine IL-2. Boxed residues indicate homology at two or more residues. The star represents the predicted
amino terminus of mature IL-2. Arrows identify the conserved Cys residues, with the heavy arrows indicating those involved in formation of
an active conformation, and the triangle indicates the possible N-linked glycosylation site in bovine IL-2.

gene for bovine IL-2 probably exists as a single copy, as was
predicted for human IL-2 (9, 12, 31).

DISCUSSION

Using a human IL-2 cDNA probe, we isolated the homolo-
gous bovine gene from a cDNA library. To prove that this
cDNA encoded bovine IL-2, we constructed an expression
plasmid designed to direct the synthesis of this protein in E.
coli and demonstrated biological activity with a bovine
IL-2-responsive cell line.

Analysis of the amino acid sequence, as deduced from the
nucleotide sequence, reveals that mature bovine IL-2 is
composed of 135 amino acids and has a molecular weight of
15,450. This may be compared with the estimated molecular
weight of 14,400-25,000 of IL-2 isolated from lymph node
cells. The heterogeneity in molecular weight has been attrib-
uted to variable degrees of glycosylation (8). The amino acid
sequence of bovine IL-2 aligned with the amino acid se-
quences of human (9) and murine (13) IL-2 is shown in Fig.
6. The bovine protein is more homologous to the human
(approximately 65%) than to the murine (approximately 50%)
sequence and this homology is dispersed throughout. How-
ever, one region, the amino terminus of mature IL-2, has
seven identical amino acids in all three proteins. In addition,
the positions of all three Cys residues are conserved, includ-
ing the two Cys residues thought to be involved in the
formation of an active conformation (13). Bovine IL-2, like
the human homolog, lacks the unusual stretch of 12 Gln
residues that is present in the murine polypeptide. Thus, it
was not surprising that a human IL-2 cDNA probe was

capable of hybridizing to the bovine homolog and therefore
useful in isolating the bovine IL-2 cDNA clone. However, it
is of interest to note that bovine IL-2 is unique in that it has
one potential N-linked glycosylation site. This is due to an

insertion of an Asn residue at position 70 that is absent from
the human and murine homologs.

In the past there has been some controversy about the
spectrum of activities that bovine IL-2 displayed in different
species. For example, it has been reported that bovine IL-2
would (32) or would not (33) induce murine IL-2-responsive
T-cell lines to proliferate. The availability of recombinant
bovine IL-2 has allowed us to reexamine this question. We
have found that the murine IL-2-responsive T-cell line

CTLL-2 is totally refractory to stimulation with recombinant
bovine IL-2. On the other hand, since bovine IL-2 used in
these experiments was produced in E. coli, it remains
possible that the potential N-linked glycosylation site (i.e.,
Asn-70) could in some way alter its effect on murine T-cell
proliferation. However, it should be stressed that recombi-
nant bovine IL-2, as produced in a yeast expression vector
capable of N-linked glycosylation (D. L. Urdal, V. Price, R.
Klinke, C. J. March, S.G., and P.E.B., unpublished results),
is also upable to promote murine T-cell proliferation.
Human recombinant IL-2 will induce proliferation of

murine, as well as bovine, T-cell lines (23, 34). This has led
to speculation that recombinant human IL-2 might find useful
application in cattle. However, in light of the significant
disparity between the human and bovine amino acid se-
quences, it is likely that human IL-2 would be antigenic in
cattle. Thus, the availability of sizable quantities of recom-
binant bovine IL-2 should make it possible to ascertain
potential therapeutic or prophylactic utility of this lympho-
kine in cattle.
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